Pregnancy is accompanied by hyperestrogenism, however, the role of estrogens in the 18 gestational-induced insulin resistance is unknown. Skeletal muscle plays a fundamental role 19 in this resistance, where GLUT4 regulates glucose uptake. We investigated: 1) effects of 20 oophorectomy and estradiol (E2) on insulin sensitivity and GLUT4 expression. E2 (~200 21 nM) for 7 days decreased sensitivity, reducing ~30% GLUT4 mRNA and protein (P<0.05) 22
Introduction 30
During progression of normal pregnancies, insulin sensitivity decreases, and insulin 31 resistance arises (Reece et al., 1994) followed or not by diabetes (Kaaja and Greer, 2005) . 32 M a n u s c r i p t 8 Inc., Gaithersburg, USA) according to the manufacturer's instructions. Total RNA (20 g) 147 was electrophoresed in 1.3% formaldehyde-agarose gel, blotted, cross-linked onto nylon 148 membrane and then hybridized with rat GLUT4 cDNA probe. The membrane was washed 149 and exposed to autoradiography. Later, the membrane was stripped and hybridized with -150 actin cDNA probe. Blots were analyzed by scanner densitometry, using the Image 151 at 3,000 x g for 15 min. The fat cake was discarded, and the supernatant, a fat free extract 161 was recovered as a total cellular membrane fraction. Skeletal muscle was homogenized in 162 the same buffer, and centrifuged at 1,000 x g for 10 min. The supernatant was kept; the 163 pellet was resuspended in 1/3 of the initial volume of the buffer, and centrifuged again at 164 1,000 x g for 10 min. Both supernatants were mixed and subjected to a 150,000 x g 165 centrifugation for 75 min. The final pellet was resuspended as a total cellular membrane 166 fraction in 1 mL of buffer. L6 myotubes were homogenized in a polytron in Tris Hcl 10 167 mM, EDTA l mM, sucrose 250 mM buffer containing protease inhibitors (aprotinine 15 168 g/ml, leupeptine 5g/mL e PMSF 0.07g/mL) and centrifuged at 1,000 x g for 10 min, atA c c e p t e d M a n u s c r i p t 9 4ºC. The supernatant was recovered and again centrifuged at a 100,000 x g for 75 min at 170 4ºC. The final pellet was resuspended in the same buffer, and contained both plasma 171 membrane and microsomal fractions. Subcellular membrane fractionation was performed 172 in tissue samples homogenized as described above. Muscle samples were submitted to a 173 series of differential centrifugations (Mitsumoto and Klip, 1992). The crude homogenate 174 was centrifuged at 760 x g, 10 minutes, 4 ºC. Supernatant was centrifuged at 31,000 x g for 175 60 minutes, and the pellet was resuspended in homogenization buffer as the plasma 176 membrane rich fraction (PM). Microsomal fraction (M) was obtained after supernatant 177 ultra centrifugation at 190,000 x g. WAT samples were processed differently (Machado et 178 al., 1994) . The fat-free extract of the 3,000 x g centrifugation was subsequently centrifuged 179 at 12,000 x g for 15 minutes. The pellet was resuspended as the PM fraction and the 180 supernatant was centrifuged at 28,000 x g for 15 minutes. The pellet was discarded and the 181 supernatant was centrifuged at 146,000 x g for 75 minutes. 
Results

202
Animal characteristics 203
The animal characteristics are presented in Table 1 . Initial body weight was ~206 g, 204 and no significant differences were found in the final body weight among the groups. 205
Comparing controls and oophorectomized rats treated or untreated with oil, oophorectomy 206 clearly decreased E2 levels (P<0.05 vs control, ANOVA, analyzing 3 groups). Comparing 207 all groups, E2-treated rats showed 10-fold higher estradiol levels (P<0.01), a value similar 208 to that observed in pregnant rats (Gonzalez et al., 2003) . Glycemia levels were unchanged; 209 however, insulinemia was ~4-fold lower (P<0.01) in Ox and Ox-O rats. The reduced 210 insulinemia of oophorectomized rats was responsible for the increased glucose/insulin 211 index, evincing increased insulin sensitivity. The E2-treatment decreased the 212 glucose/insulin index to a value similar to that observed in intact control rats. vs Ox-O) to control levels. Additionally, the PM GLUT4 content related to the total 235 GLUT4 content, as an index of the GLUT4 translocation at the moment of the tissue 236 harvesting, was similar among the groups. On the other hand, in adipose tissue ( Figure 2D ),M a n u s c r i p t the GLUT4 content was unchanged among the groups in both fractions, similarly to that 238 observed in the total GLUT4 content measured in the fat-free extract ( Figure 1D ). 239
240
GLUT4 expression in 24-hour 17 β-Estradiol treated L6 myotubes 241
Attempting to demonstrate a direct effect of estrogen on L6 myotubes, the 242 expression of estrogen receptors ER and ER in these cells was first investigated (Figure  243 3), since there was no report concerning the isoforms expression in these cells. 244
Immunofluorescent analysis revealed high immunoreactivity for both ER ( Figure 3A showed a completely distinct pattern ( Figure 4B) . From zero to 100 nM E2, the L6 258 myotubes showed a progressive tendency to reduce the GLUT4 protein content, the value at 259 M a n u s c r i p t 13 261
GLUT4 expression in 6-day 17 β-Estradiol treated L6 myotubes 262
Attempting to investigate the effect of E2 upon the L6 cells in conditions similar to 263 those imposed on the in vivo treatment, the cells were treated with E2 from 1 to 100 nM for 264 6 days, concentrations that represent values from infra-to supra-physiological 265 concentrations of the hormone (Nogueira and Brentani, 1996) . Viability of the L6 266 myotubes cultured for 6 days was confirmed; and the GLUT4 mRNA and protein content 267 remained unchanged in cells cultured in the absence of E2 for 1, 2, 3 or 6 days (data not 268 shown). 269
In L6 myotubes treated for 6 days ( Figure 5 ), 100 nM E2 clearly revealed a ~25% 270 reduction (P<0.05) in both GLUT4 mRNA and protein contents, comparing with cells 271 treated with zero, 0.1 and 1 nM E2. Besides, the 10 nM E2 also revealed reduced protein 272 content as compared to zero, 0.1 and 1 nM (P<0.05). However, with 10 nM E2, the GLUT4 273 mRNA was not significantly reduced (ANOVA), although it was marginally reduced when 274 compared with zero (P=0.840, Student t Test), and significantly reduced when compared 275 with 1 nM E2 (P=0.0349, Student t Test). 276
277
Discussion 278
The present study shows that oophorectomy increases and 17-estradiol (E2) 279 decreases insulin sensitivity, revealing that E2 plays a role in the in vivo whole body 280 glycemic homeostasis. These modulations were accompanied by parallel changes in the 281 GLUT4 expression in skeletal muscle, with unchanged protein content in adipose tissue, 282
suggesting that skeletal muscle plays a key role in the E2-induced modulation of glycemicM a n u s c r i p t we can suppose that, although 7 days of hyperestrogenism reduced the insulin sensitivity, 309 reversing the hypersensitivity of oophorectomized rats, this period was not enough to cause 310 insulin resistance, as compared to intact rats. It is important to bear in mind that, in 311 pregnancy, ovarian and placental hormones as well as the fetus are participating in the 312 mother glycemic homeostasis. Thus, the importance of the present protocol is to exclude 313 the participation of other insulin-sensitivity modulators, providing conditions to show that 314 hyperestrogenism can modulate GLUT4 expression and insulin sensitivity by itself. 315
In muscle, oophorectomy and E2 treatment clearly induced a stoichiometric increase 316 and decrease in GLUT4 mRNA and protein, respectively. This is perfectly in accordance 317 with the insulin-sensitivity state of each condition. Furthermore, the plasma membrane 318 GLUT4 protein content showed exactly the same regulation, confirming that the muscle 319 glucose clearance capacity increases in Ox and decreases in E2-treated rats. Skeletal muscle 320 protein synthesis rates have already been described as being increased in oophorectomized 321 rats (Toth et al., 2001 ); however, this result is related to all cellular proteins. In the present 322 study, the total protein recovery in the plasma membrane and microsomal fractions 323 (expressed by g of tissue) was unchanged among the groups, pointing out the specific 324 modulation of the GLUT4 protein observed (also expressed by g of tissue). 325
On the other hand, in adipose tissue, GLUT4 mRNA decreased in both Ox and Ox-326 E2-treated rats with no changes in the protein content. These data point out the tissue- The present results in L6 myotubes definitively point out the estrogen-induced 352 regulation of GLUT4 gene expression in skeletal muscle; but they also reveal how complex 353 this modulation is, being time-and dose-dependent, and also involving post-transcriptional 354 modulation. Since selective ER knockout mice revealed that ERα enhances, whereas ERβM a n u s c r i p t suppresses the GLUT4 protein expression in muscle (Barros et al., 2006b) , it is reasonable 356 to propose that the different modulations of GLUT4 observed in L6 cells may be related to 357 a time-and dose-dependent regulation of ER and ER expression and/or activity. Time-358 dependent effect of E2 upon ER expression was reported (Jeng et al., 1998) , but without 359 distinction between the isoforms. On the other hand, dose-dependent regulation of E2 upon 360 expression of ERs has revealed that a high concentration of E2 reduces ER mRNA and 361 protein content (Varayoud et al., 2005) . Besides, the ERs activity upon target genes has 362 been shown that transcriptional stimulus through ER starts at low E2 concentration, 363 whereas through ER it occurs at high E2 concentration, with ER showing a 364 transdominant effect upon ER- activity (Hall and McDonnell, 1999) . This way, it is 365 plausible to suppose that at low E2 concentrations an enhancing ER-dependent effect 366 upon GLUT4 expression is dominant; whereas at high E2 concentrations a repressing ER-367 dependent effect upon GLUT4 expression is dominant. M a n u s c r i p t 18 reports have described non-genomic effects of E2, involving upregulation of the 379 mammalian target of rapamycin (mTOR) pathway (Santen et al., 2005) , which is known to 380 participate in the translation process (Proud, 2007) , and that could be involved in the post-381 transcriptional modulations observed. In order to clarify the involved mechanisms of ERs 382 upon GLUT4 gene expression, further studies must be conducted. 383
In summary, the present study shows for the first time that E2 is a regulator of 384 GLUT4 gene expression in skeletal muscle, the most important tissue involved in the 385 insulin-stimulated glucose uptake. Long-term exposition to high concentration of E2, 386 inhibits GLUT4 mRNA and protein expression both in vivo and in vitro. In vivo, this 387 modulation was accompanied by decreased whole body insulin sensitivity, suggesting that 388 hyperestrogenism may be involved in the pregnancy-induced insulin resistance and/or 389 gestational diabetes. We declare that there is no conflict of interest that would prejudice the impartiality 401 of this work. 402 M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t A c c e p t e d M a n u s c r i p t Glucose/Insulin index 28.4  7.4 87.7  6.8* 62.7  9.9** 27.7  12.4
Glucose/Insulin index was calculated from plasma glucose (mg/dL) and insulin (U/mL) 589 (A and B) , or the total GLUT4 protein content, expressed by g of tissue 600
processed, normalized to control value (C and D). Each square of autoradiogram shows 601 images from the same gel, and the vertical line indicates that the lanes were not contiguous. 602
Data are expressed as arbitrary units (AU). Bars represent mean values (± SEM) of 5M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t 
